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INTRODUCTION
In living systems, complex signaling mechanisms and networks continuously regulate cells. The ubiquitin proteasome system contributes significantly to these regulation processes by determining the fate of many proteins under different cellular circumstances. Protein tagging with ubiquitin molecules translates into a variety of cellular responses that are dictated by the pattern of ubiquitination, including ubiquitin-dependent proteasomal degradation (Hershko and Ciechanover, 1998) . The ubiquitination pathway relies on the sequential action of three enzymes: an E1-activating enzyme, an E2-conjugating enzyme, and an E3 ligase. Cullin RING E3 ubiquitin ligases (CRLs) constitute the major subfamily of E3 ligases that catalyze the transfer of ubiquitin from the E2-conjugating enzyme to the target substrate. CRLs account for 20% of the ubiquitin-dependent protein turnover in cells (Petroski and Deshaies, 2005) . The Cullin protein is the core of CRLs, acting as a scaffold that brings together the substrate and the E2-conjugating enzyme. The substrate is recruited by the receptor and the E2 enzyme loaded with ubiquitin is recruited by the RING finger protein (Lydeard et al., 2013) . The Cullin family is composed of seven members involved in ubiquitin multi-subunit complexes (Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5, and Cul7) which all share similar structural features . To date, only Cul1 (Zheng et al., 2002) , Cul4A, and Cul4B (Fischer et al., 2011) have yielded crystal structures of full-length protein, limiting the information available on this important protein family. Therefore, the only structures available of whole CRL complexes are those of CRL4A DDB2 , CRL4B DDB2 , and CRL1 Skp2 . Limited structural information prevents full comprehension of mechanisms of activity and functioning of CRL multi-subunit molecular machines. Structural information on CRLs is critical also for drug discovery as it can provide the basis for exploring protein-protein interactions (PPIs) with small molecules to modulate protein function (Lucas and Ciulli, 2017) . For example, based on the structural knowledge of certain PPIs, recent work has demonstrated the ability to hijack E3 ligase complexes into recruiting non-natural selective substrates for ubiquitination and subsequent proteasomal degradation (Lu et al., 2015; Winter et al., 2015; Zengerle et al., 2015) . These examples reinforce the importance of available structural information but also demonstrate the power of targeting CRL complexes using small molecules.
Our work focuses on the CRL2 VHL ligase, a complex containing Cul2 as the scaffold protein and the von Hippel-Lindau protein (pVHL) as the substrate receptor. Cul2 recruits pVHL at its N-terminal region through an adaptor subunit constituted by a dimeric complex formed by Elongin B (EloB) and Elongin C (EloC) (Pause et al., 1997) , and the RING finger subunit Rbx1 at its C-terminal region (Kamura et al., 1999) . Despite the existence of crystal structures of partially assembled complexes, namely, structures of the trimeric complex constituted by pVHL and EloBC (VBC) (Stebbins et al., 1999) , VBC in complex with a hypoxia-inducible factor 1a (HIF-1a) peptide (Min et al., 2002; Hon et al., 2002) , and the first helical bundle of Cul2 (residues 1-163) bound to VBC , the structure of the whole CRL2 VHL complex was still elusive. CRL2 VHL -mediated degradation of HIF-1a is the most widely studied function of this E3 ligase; however, there are at least another six substrates of the VHL ubiquitin ligase that have been identified (Cai and Yang, 2016) . Under normal levels of oxygen (normoxia), HIF-1a is hydroxylated by oxygen-dependent prolyl hydroxylase domain (PHD) enzymes at specific proline residues (Pro402 and Pro564). As a result, HIF-1a is recruited to the CRL2 VHL complex via the b domain of pVHL, which recognizes the hydroxyproline post-translation modification. Once bound to CRL2 VHL , HIF-1a is ubiquitinated and targeted for degradation by the proteasome (Maxwell et al., 1999) . Upon decrease of the oxygen levels, PHD activity is inhibited and HIF-1a is no longer hydroxylated, escapes E3 recognition, and accumulates in the cell, triggering a transcriptional response to hypoxia (Semenza, 2007) . The CRL2 VHL is considered an attractive therapeutic target in diseases such as chronic anemia and acute ischemic disorders where the effects of stabilization of HIF-1a in cells have proved beneficial (Muchnik and Kaplan, 2011) . Our laboratory has recently developed potent pVHL inhibitors using structureguided drug design (Galdeano et al., 2014) . Compound VH298 was characterized in cells as highly selective inhibitor active on-target against pVHL, and elected as a chemical probe of the hypoxia signaling pathway (Frost et al., 2016) . Using these pVHL-targeting ligands as a starting point, bivalent molecules have been designed which recruit proteins into proximity of the CRL2 VHL to deplete protein levels inside cells and in vivo (Zengerle et al., 2015) . Targeting CRL2 VHL to induce protein degradation provides an attractive chemical biology approach for target validation Fulcher et al., 2016 ) and a new therapeutic modality in drug discovery (Lai and Crews, 2017) . Here, we present the first crystal structure of the CRL2 VHL complex to 3.9 Å resolution, revealing for the first time the full-length Cul2 interacting with Rbx1, which provides insights to the mechanism of the E3 ligase activity. We complement our study with biophysical data on CRL2 VHL PPIs, revealing the basis for Cul2 versus Cul5 recognition.
RESULTS
Crystal Structure of the CRL2
VHL Complex
To gain structural insight into the human CRL2 VHL complex, we reconstituted the fully assembled complex composed by Cul2, EloB, EloC, pVHL, and Rbx1 and pursued its crystal structure (Figure 1 ). To assemble the complex, we expressed and purified independently a trimeric complex constituted by pVHL, EloB and EloC (i.e., VBC) and a dimeric complex composed by Cul2 and Rbx1. The first complex is obtained routinely in the Escherichia coli expression system , whereas the latter was expressed in Sf21 insect cells Kelsall et al., 2013) . The two components VBC and Rbx1-Cul2 were mixed and purified by sizeexclusion chromatography, yielding the pentameric complex. In parallel, we prepared the same complex in the presence of an HIF-1a 19-mer peptide (residues 559-577) bound to pVHL, mimicking one of the natural substrates of the CRL2 VHL ubiquitin ligase. Sparse-matrix screening of both complex forms was performed and hit conditions were identified for the HIF-1a containing form. After optimization of the initial hit condition by additive screening and the introduction of streak seeding, we obtained promising diffracting crystals to be used for data collection. These crystals exhibited some elasticity and were to some extent fragile; nevertheless, we collected a dataset for crystals of the CRL2 VHL complex. Calculation of the Matthews coefficient (Matthews, 1968 ) retrieved a solvent percentage of 63.9%, consistent with the presence of one protomer per asymmetric unit (ASU) arranged in a C222 1 space group (Table 1) . The structure was solved at 3.9 Å resolution using a combination of molecular replacement (MR) and iterative rounds of model building and refinement, which are described next. The structure of Cul2 was the first fragment to be solved by MR in MrBUMP (Keegan and Winn, 2007) , using an homology model of the same protein obtained through Chimera (Pettersen et al., 2004) based on the structures of Cul1, Cul4, Cul5 NTD , and Cul5 CTD as template (PDB: 1U6G, 4A0K, 4JGH, and 3DPL, respectively). Next, we placed the dimer of EloB and EloC (EloBC) by MR in Phaser (McCoy et al., 2007) , using as template the corresponding subunits from a VBC-HIF-1a structure (PDB: 4AJY). Clear unmodeled electron density could be observed corresponding to the Rbx1 N-terminal tail (residues 17-35). This region is conserved in all Cullin-bound Rbx1 structures available in the PDB, allowing its correct positioning into the structure. We next identified the RING domain of Rbx1 by MR using as template an existing Rbx1 structure (PDB: 2LGV [Spratt et al., 2012] ) in Phaser. At this stage, patches of positive electron density became clearly visible in the area where pVHL was expected to be found, according to the previous structure of VBC in complex with Cul2 1-163 . Fitting in pVHL proved very challenging and despite various attempts at MR using a diversity of template models, no satisfactory solution was found. However, due to the unambiguous electron density, we were able to fit manually the three-helix cluster structure of the VHL box (Kamura et al., 2004) that is conserved in all the available crystal structures. Nevertheless, for the remaining residues (54-156) that constitute the substrate-binding domain and the 19-mer HIF-1a peptide, no electron density was observed. Due to the resolution of our structure, not all the side chains could be definitively seen in the electron density; therefore some side chains, particularly in the Cul2-VBC interface, were modeled according to a higher-resolution structure . These steps were intercalated with rounds of refinement in Refmac5 (Vagin et al., 2004) and Phenix (Adams et al., 2010) , and map sharpening by negative B-factor correction was applied to improve the quality of the electron density maps and facilitate successful model building ( Figure 1B) (Nicholls et al., 2012) . The structure packs nicely with eight symmetry-related molecules, forming extensive crystal contacts. The full-length Cul2 binding Rbx1 at the C-terminal domain and the VHL-box-EloBC at the N-terminal domain constitute our final model ( Figure 1C ). It reveals for the first time the whole Cul2 structure and the interface between Rbx1 and Cul2.
Cullin-2 Structure Highlights Its Inherent Flexibility
The structure assumed by Cul2 in the CRL2 VHL reveals an architecture similar to that of structures of other Cullins. It presents the classical elongated shape divided in the N-terminal domain (NTD) and the C-terminal domain (CTD). The NTD comprises residues 1-384 arranged in three helical bundles (also called Cullin repeats) each composed of five a helices. These three Cullin repeats are superposable with a root-mean-square deviation (RMSD) for the Ca atoms of up to 4.5 Å ( Figure 1D ). At the other end, the CTD (residues 385-745) is a globular domain organized in a four-helical bundle (4HB) linked to the NTD, an a/b domain, and a winged-helix motif (WH-B) ( Figure 1E ). In our structure, some residues at the CTD (625-634 and 645-660) were disordered and could not be modeled. Cul2 was one of the members of the Cullin family lacking structural information on the full NTD. Superposition of all the existing structures of complete Cullin NTDs highlights the flexibility of this domain. We observed that all of the NTDs align most closely through the second Cullin repeat, exhibiting considerable differences in their first and third helical bundles' relative position, consistent with intra-domain bending motion (Figure 2A) . In addition, the structural alignment of full-length Cul1, Cul2, and Cul4A reveals an interesting difference on how the CTD is packed against the NTD in each of the structures (Figures 2B and 2C) . In Cul2 the globular domain is considerably moved toward the NTD relative to the other Cullins. The distances measured between the very top residue at the CTD (the Lys that gets modified with NEDD8, i.e., Lys689 in Cul2, Lys720 in Cul1, and Lys705 in Cul4) and the top residue in helix a1 of the NTD (Phe10 in Cul2, Leu17 in Cul1, and Thr62 in Cul4) are more than 10 Å shorter in Cul2 (100 Å for Cul2, 110 Å for Cul1, and 113 Å for Cul4). Cul1 CTD is rotated by 29 compared with Cul2 CTD , whereas Cul4 CTD presents an angle of rotation of about 33 compared with Cul2 CTD . In summary, these observations highlight a trapped closed state conformation for non-neddylated full-length Cul2 and support the previously reported flexibility of the Cullin scaffold, which is thought to contribute to an allosteric mechanism of polyubiquitination of substrates (Liu and Nussinov, 2011) .
Rbx1 Presents a New Orientation
Rbx1 structure presents an N-terminal tail arranged in a long b strand that engages Cullin CTD and a variant RING finger domain. The RING is characterized by the presence of an extended region containing a third zinc ion coordinated by three cysteines and one histidine, in addition to the canonical region containing two zinc ions (Zheng et al., 2002) . The structure of the N-terminal tail of Rbx1 and its position in the complex are conserved among different CRL structures. Conversely, the RING domain is flexible and has been found in a number of different orientations, even in different molecules within the same ASU (Duda et al., 2008) . Interestingly, the conformation observed in our structure has not been reported previously. The Rbx1 RING domain establishes mainly hydrophobic crystal contacts with Rbx1-Cul2 from another ASU. These contacts extend through an area of 363 Å 2 , which corresponds to about 17% of the total area of interface of Rbx1 with Cul2 (2,122 Å 2 ). Thus we believe that our observed conformation of Rbx1 captures, via the consequent crystal contacts, a significantly populated conformation in solution. It lies between Rbx1-Cul5$NEDD8 and Rbx1-Cul5 conformations, resembling a transitory state in a trajectory amid the two (Figure 3 ). The flexibility of the RING domain has been the subject of many studies aimed at elucidating the structural and mechanistic details of ubiquitin ligase activity (Angers et al., 2006; Calabrese et al., 2011; Duda et al., 2008; Goldenberg et al., 2004; Onel et al., 2017; Zheng et al., 2002) . Previous work has demonstrated how the RING domain dramatically reorients its position relative to Cullin upon neddylation of Cul5 (Scott et al., 2014) . This repositioning is regarded as the enzyme adaptation for ubiquitination and, in this so-called open conformation, the area of interface between Rbx1 and Cul5 (1,707 Å 2 ) is contributed solely by the N-terminal tail (Table 2) . Indeed the total areas of interface between Rbx1 and the different Cullin subunits vary according to the orientation of the Rbx1 RING domain. In our structure, the linker between the N-terminal tail and the RING domain, albeit not completely extended, is not fully retracted either, and the Rbx1-Cul2 PPI covers an area of 2,122 Å 2 . This interface area is larger than in the Rbx1-Cul5$N8 and the Glomulin-Rbx1-Cul1 (Duda et al., 2012) complexes but smaller than in any of the other structures (Table 2) . These findings reveal a potential trajectory of the Rbx1 RING domain from the non-neddylated to neddylated form of the complex, en route to the fully active E3 ligase.
The Interface between Cul2 and VBC The Cul2-VBC interface, as previously described , is established by three main contact points (Figure 4) . Firstly, the N-terminal loop of Cul2 assumes a critical role in the interaction ( Figure 4A ), with Leu3 inserting into an hydrophobic pocket on EloC, defined by Met105 and Phe109, and Pro5 being involved in a three-way contact with Val181 in pVHL and Met105 in EloC ( Figure 4B ). The importance of the N-terminal loop in this PPI is observed in Cul2 and Cul3 (Canning et al., 2013) . In a second region of interaction there is charge complementarity at the interface between helix a5 of Cullin and the substrate receptor, where residues Gln111 and Lys114 from Cul2 are interacting with residues Lys159 and Asp187 from pVHL, respectively. These two salt bridges were thought to be responsible for the selective recruitment of Cul2 to this complex over Cul5 . Finally, helix a2 of Cul2 is packed against pVHL and EloC surfaces, with residues Asn36, Phe39, Tyr43, and Val47 contributing to this hydrophobic interface (Figure 4D) . EloB forms no direct interaction with Cul2. The areas of the Cul2-VBC PPI and the orientation of the VHL-box-EloBC relative to Cul2 are consistent with those observed in the quaternary structure of Cul2 1-163 -VBC (Table S1 and Figure S1 ). The two structures superpose with an RMSD for the Ca atoms of 0.866 Å , suggesting this interface of the CRL complex to be structurally rigid and conserved.
Thermodynamics of Cul2-VBC Interaction
The lack of biophysical data regarding PPIs within the CRL2 VHL complex encouraged us to pursue in-depth characterization. Despite numerous attempts to obtain Cul2 alone as functional protein by testing different length constructs with different solubilizing tags, we failed to obtain soluble, monomeric protein that could form a complex with VBC. Since Cul2 needed to be co-expressed with Rbx1 to obtain soluble and functional protein, it was not possible to investigate the PPI between these two subunits, so we decided to focus on the PPI between Cul2 and VBC. We performed isothermal titration calorimetry (ITC) experiments titrating VBC into Rbx1-Cul2 and measured an expectedly strong binding affinity (K D = 42 nM) and large exothermic binding enthalpy (DH = À17.2 kcal/mol) at 303 K ( Figure 5 ). Previously published data on other Cul5-EloBC complexes, namely Cul5 NTD -ASB9-EloBC and Cul5 NTD -SOCS2-EloBC, reported binding affinities of 140-220 nM (Muniz et al., 2013; Thomas et al., 2013 ) and 7-47 nM (Babon et al., 2009; Salter et al., 2012) and binding enthalpies of À8.3 kcal/mol and À4.8 kcal/mol, respectively, for the corresponding interactions. We next investigated temperature dependence of the binding parameters and determined a change in heat capacity, DC p = À760 cal/mol/K ( Figure 5B ). The change in heat capacity is a thermodynamic parameter defined as the change in energy (heat) with temperature (DC p = dDH/dT ) (Prabhu and Sharp, 2005) . This value of DC p is significantly greater than those determined for similar complexes ( Figure 5C ), suggesting a greater buried surface area upon interaction, leading to a more stable complex. In fact, based on the crystal structures, the area buried upon interaction in Cul2-VBC is 2,621 Å 2 , which is considerably greater than in Cul5-SBC (1,945 Å 2 ) and Cul5-VifCbFBC (1,605 Å 2 , Table S2 ). It has been shown that hydration of polar and apolar groups promotes changes in the heat capacity and this relation has been modeled by the equation
where SASA is the solvent-accessible surface area (apolar and polar) buried upon interaction and C a and C p are constants empirically determined, representing the area coefficient per Å 2 contribution of residues in heat capacity change. Based on our crystal structure we calculated the theoretical DC p values according to the different constants C a and C p (Table S3) (Prabhu and Sharp, 2005) . Interestingly, we observed that our experimental DC p is greater than the theoretical values in most of the cases, which could indicate a conformational rearrangement in solution upon binding that is not accounted for in the theoretical calculations.
The biophysical and structural data support a tight and extensive PPI between the scaffold and the adaptor/receptor subunits in the CRL2 VHL complex. 
Hydrophobic Contact Residues
Critical for the Cul2-VBC Interaction To elucidate the main drivers of the tight PPI between Cul2 and VBC and identify hotspots, we turned to quantifying individual contributions of potential key residues, guided by structural analysis. To accomplish this, we mutated contact residues involved in the PPI and assessed changes in binding affinities between mutants and wild-type proteins. We focused on the three main locations in the Cul2-VBC interface, namely: (1) the EloC pocket and adjacent area; (2) the helix a5-pVHL charge complementarity region; and (3) the hydrophobic contacts between helix a2 and EloC. In the EloC pocket area we mutated Leu3 to Ala to understand how important was the volume filling the EloC pocket for the interaction. We also mutated Leu3 to Gly, consistent with mutagenesis from previous work . Additionally we mutated Pro5 to Ala, as we considered that this residue could play a role in stabilizing the conformation of the N-terminal loop of Cul2, which seemed important to direct the interaction. Furthermore, Pro5 is involved in a three-way contact with Val181 (pVHL) and Met105 (EloC). In the other subunits, we mutated Val181 in pVHL to Gly and also mutated Met105 and Phe109 in EloC to Ala, to assess the consequences of disrupting the EloC hydrophobic pocket. In the helix a5 interface we mutated Gln111 and Lys114 to Leu and Glu, respectively, and Lys159 and Asp187 in pVHL to Glu and Lys, respectively, to understand the importance of these electrostatic interactions in the complex formation. Finally, in the third region of the interface we mutated residues Asn36, Phe39, Tyr43, and Val47 on Cul2 to Ala, as those residues are involved in hydrophobic contacts with pVHL and EloC surfaces.
Initially, we screened all the mutants generated in an AlphaLISA (Yasgar et al., 2016) assay to determine IC 50 values from dose-response curves. To do this we designed a competition experiment in which the ability of a competitor (protein with mutation) to disrupt the interaction between the two native protein subunits of the complex is determined. VBC and Rbx1-Cul2 wild-type were also titrated for reference. The results of the AlphaLISA show that all the mutations are disruptive to the Cul2-VBC interaction (Figures 6 and S2) , although the extent of the disruption varies greatly. We observed that the most destructive mutations, i.e., the ones that lead to a larger increase in the IC 50 values, are mostly of residues located in the EloC pocket area. In particular, the mutation of Met105 and Phe109 increased the IC 50 by 75-and 55-fold, respectively. Our results also show that K114E and K159E mutations in helix a5 interface do not interfere significantly with the IC 50 , whereas Q111L and D187K have a more prominent effect. In the helix a2 interface, the mutations led to an increase in the IC 50 values by about 3-fold. Based on these results, we picked some of the mutants for ITC experiments to determine K D values. We selected the VBC mutants V181G, M105A, F109A, K159E, and D187K to quantify the importance of the hydrophobic environment in the EloC pocket and of the residues involved in the electrostatic interactions. In ITC (Table 3 and Figure S3 ) we observed the same trend as observed by AlphaLISA, with mutations M105A and F109A being the most disruptive and leading, in these conditions, to an increase of 20-and 37-fold in the K D , respectively, which was accompanied by a significant loss of binding enthalpy. The mutations of V181G and D187K decreased the binding affinity by about 3-fold, whereas the mutation K159E resulted in a 5-fold decrease in the affinity.
Together, the biophysical data are consistent with a ranking of hotspots at the Cul2-VBC PPI, with the peripheral hydrophobic pocket composed of Met105 and Phe109 from EloC identified as the most critical among the mutations tested.
Swapping Residues and Selectivity for Cul2 or Cul5
Although explored in several publications (Kamura et al., 2004; Mahrour et al., 2008; Nguyen et al., 2015) , the mechanism behind the selectivity between recruitment of Cul2 versus Cul5 by EloBC-containing CRL complexes remains partly elusive. One of the proposed hypotheses is that the electrostatic patch on pVHL surface is responsible for recruiting Cul2 ; however, our data show that by inverting these two residues' charge, and therefore, inverting the electrostatics patch charge, VBC still binds to Cul2. To deepen our understanding on what drives this selectivity, we studied in parallel the CRL5 SOCS2 complex, one of the Cul5 ligases in which SOCS2 is the substrate receptor and EloBC is the adaptor subunit (SBC) Bullock et al., 2006) . Our choice was supported by the existence of a crystal structure of Cul5 NTD -SBC (Kim et al., 2013) . By ITC we observed that, although using the same adaptor subunit, SBC does not bind Cul2. Intrigued by this observation, we investigated whether by mutating a combination of amino acid residues we could swap the selectivity of SBC with VBC for Cullin, or, in other words, if we could rescue the binding of SBC to Cul2 and, at the same time, decrease the affinity for Cul5 and vice versa. The structural analysis of Cul2-VBC versus Cul5-SBC ( Figure 7A ) reveals that Arg186 in SOCS2 would clash with Gln111 in Cul2, which would explain the lack of interaction observed, as this residue corresponds to a serine in pVHL (Ser183). It also highlights that Lys159 and Asp187 in pVHL correspond to Gln164 and Tyr190 in SOCS2, respectively. In SBC, Arg186 establishes hydrogen bonds with the backbone of Thr117 and with Gln113 in Cul5 but the other corresponding residues, while important for pVHL-Cul2 interaction, do not seem to be establishing any contact in this case ( Figure 7A ). Based on these observations, we generated triple mutants for VBC and SBC: in the first we mutated K159Q, S183R, D187Y and (V QRY BC), and in the second we performed the reverse mutations: Q164K, R186S, and Y190D (S KSD BC).
Initially we tested these variants in our AlphaLISA competition assay ( Figure 7B ), which suggested a switch in the recruitment. We observed not only a weakening of the interaction between V QRY BC and Cul2 but also, pleasingly, that S KSD BC rescued to some extent the binding to Cul2, compared with SBC. These data encouraged us to perform ITC experiments and evaluate the loss or gain in function, upon triple mutation ( Figures 7C  and 7D ). For S KSD BC, we observed a 25-fold loss in the binding The areas of interface were calculated (PISA) as well as the rotation angle and shift along the rotation axis (Chimera), comparing the previously published structures with the RING domain in the new conformation. affinity to Cul5 (K D from 10 nM to 250 nM), whereas, on the other hand, we were able to partially rescue binding to Cul2 (K D = 2.5 mM). Consistently, for V QRY BC we observed total loss of binding to Cul2 upon triple mutation and partial rescue of binding to Cul5 (K D = 2.9 mM). The rescued non-native interactions confirmed a switch in the ability to recruit Cullin, albeit with K D values weaker than the ones measured for the native interactions ( Figure 7E) . Interestingly, the loss of binding affinity of S KSD BC to Cul5 was accompanied by an increase in the enthalpy of the reaction, suggesting an interaction with a thermodynamic profile closer to that of Cul2-VBC ( Figure S4 ).
Together, these findings shine light on the selectivity of VBC and SBC for Cul2 and Cul5, respectively, identifying amino acid positions that dictate this selectivity and mutations that contribute toward switching Cullin recruitment within these CRLs.
DISCUSSION
Ubiquitin ligases catalyze the transfer of ubiquitin to target proteins, and from this tagging event a variety of cellular responses can result. Progress has been achieved in recent years toward understanding the mechanisms underlying E3 ligase function, regulation, and ubiquitination activity (Buetow and Huang, 2016) . CRLs in particular play important roles in cellular homeostasis by controlling the abundance of many regulatory proteins. This process is deregulated in many diseases including cancer, motivating the search for chemical probes targeting CRLs (Jia and Sun, 2011; Zhao and Sun, 2013) . The emerging role of CRLs as targets for induced protein degradation by glue molecules and PROTACs (proteolysis targeting chimeras) (Deshaies, 2015) highlight their potential as therapeutic targets (Bulatov and Ciulli, 2015; Lamsoul et al., 2016) . Despite the advances, detailed understanding at atomic level of the structure and function of whole CRL machines remains limited. Our new structure of the CRL2 VHL complex provides insights that contribute to the understanding of the ubiquitination mechanism. The structure highlights the flexibility of the central Cul2 scaffold, which has been observed in other Cullins (Goldenberg et al., 2004) and supports the existence of hinge bending within the protein. The hinge points identified underline this flexibility, which is deemed key for the ligase activity (Liu and Nussinov, 2011) . Hinge points located in the linkers between the Cullin repeats allow the first and third helical bundles to come close or apart, alternating between an elongated and contracted shape. Another hinge point is located between the NTD and CTD. In our Cul2 structure the CTD is considerably tilted toward the NTD, in comparison with other CRL structures. Recent molecular dynamics studies have proposed a relationship between Cullin and Rbx1 dynamics and the ubiquitin chain length and topology built on the substrate (Onel et al., 2017) . Structural studies of CRLs in complex with the COP9 signalosome have also highlighted the inherent Cullin flexibility (Cavadini et al., 2016; Mosadeghi et al., 2016) . We present for the first time the interface between E2-recruiting RING, Rbx1, and Cul2, in which Rbx1 adopts a new orientation. Comparison with other Rbx1-Cullin structures suggests a pose in a trajectory from a closed to an open form; in other words, from inactive to active conformation of the complex. CRLs must function as highly dynamic multi-subunit complexes. CRL flexibility is required to bring together substrate and ubiquitin that would otherwise be >50 Å apart, as found in some crystal structures (Zheng et al., 2002) . Flexibility is also required to accommodate multiple attachment of ubiquitin at distinct positions in the chain during catalytic elongation cycles. The relative organization and dynamics of CRL subunits and their ability to work in concert are critical in achieving such flexibility. We consider that our new CRL2 VHL structure recapitulates many such dynamic features in addition to the intra-and the inter-subunit movements, observed in comparison with other CRL structures. For instance, the fact that we could not obtain crystals in the absence of the HIF-1a 19-mer peptide hints that the presence of the substrate may have been required to confer a conformational arrangement that facilitates crystallization. On the other hand, the lack of substantial electron density for the substratebinding domain of pVHL suggests that this domain is highly flexible and might be present in more than one orientation in the crystal. Albeit not captured by the single-structure crystallographic model, this observation suggests functionally important dynamics of pVHL that may be driven by the presence of bound substrate. Work published by Nussinov and others (Liu and Nussinov, 2008; has elucidated pVHL's inter-domain flexibility by the presence of a linker region containing a conserved proline residue, which acts as a hinge and allows the rotation of the substratebinding domain to position the substrate accurately for ubiquitination. The high average B factors observed after refinement for the overall structure also corroborate these dynamics. The resolution of our structure limits the information that can be extracted and, despite intensive efforts to improve the quality of the crystals, it was not possible to obtain a better-quality dataset.
We also report extensive biophysical data, which elucidate a key PPI interface of CRL complexes. The Cul2 interface with the adaptor and receptor subunits is conserved and characterized by a large buried surface area. The structural features are reflected in characteristic thermodynamic signatures, including enthalpy-driven interaction, tight binding affinity, and a large and negative change of heat capacity. We show that the interaction is contributed over extended regions, suggesting a spreading of hotspot residues across the interface. Emerging as largest contributors to the PPI affinity are hydrophobic residues in a distal pocket on EloC that recognizes the N-terminal tail of Cul2. This information could guide the design of molecules to target this specific region within CRL2 VHL . Selectivity of Cullin recruitment in EloBC-containing complexes is an intriguing feature due to the similarities of the two PPIs in Cul2 and Cul5 CRLs. Kamura et al. (2004) were the first to demonstrate the importance of the entire Cul-box region (about 20 amino acids) of the substrate recognition subunit in determining the selectivity for Cul2 versus Cul5 recruitment. Here, by swapping only three topologically conserved residues at the receptor-scaffold interface in VBC and SBC, we were successful in modifying the ability of these proteins to bind Cul5 and Cul2, respectively. This result provides proof of concept for switching Cullin recruitment within CRLs by mutating individual amino acids, which, to our knowledge, is unprecedented. It could also lead to interesting applications for elucidating CRL biology and contribute to validating them as drug targets. It is likely that other residues could contribute to fine-tune Cullin selectivity, in addition to those identified by our work, which are not strictly conserved across all known Cul2 or Cul5 binders. For instance, it is known that the mutation of Trp53 in Cul5 results in a 30-fold loss of affinity to SBC (Kim et al., 2013) . In Cul2, the corresponding residue to Trp53 is Ala48, and this could explain why the binding affinity of V QRY BC to Cul5 is not equal to the native Cul5-SBC interaction.
In conclusion, the new structural and biophysical data provided by our work shine new light on the structural assembly and dynamics functioning of CRLs and unveil mechanistic details and selectivity determinants for the Cul2-receptor PPI. It is anticipated that our findings will stimulate drug targeting of native, full-length CRL complexes, by aiding the development of novel chemical probes acting as either specific inhibitors or hijackers of CRL activity for targeted protein degradation.
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Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) experiments were carried in an ITC 200 microcalorimeter (Malvern). VBC (wild type and variant proteins), SBC (wild type and variant proteins) were titrated into Rbx1-Cul2. For the experiments with Cul5 NTD the latter was titrated against VBC (wild type and variant proteins) or SBC (wild type and variant proteins). Titrations consisted of 19 injections of 2 ml each (120 seconds spacing and 600 rpm stirring speed). All protein solutions were dialysed into 100 mM Bis tris propane pH 8.0, 50 mM NaCl, 2 mM TCEP prior to the titrations. Control experiments were performed subtracted to the relevant experiment to account for heat of dilution. Data analyses for the ITC experiments were performed using the MicroCal Origin 7.0 software package. Binding enthalpy, dissociation constants, and stoichiometry were determined by fitting the data using a one-set-of-sites binding model. The experiments were performed twice for consistency.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical details of experiments can be found in the figure and table legends. ITC experiments were performed in duplicate. The data was fitted using the one-set-of-sites model in Origin 7.0 software. AlphaLISA experiments were performed in quadruplicate and the fitting was performed using the average ± standard deviation. The fitting of the data was performed using GraphPad Prism 7.
DATA AND SOFTWARE AVAILABILITY

Data Resources
Coordinates and structure factors have been deposited in the Protein Data Bank (PDB) with the accession code 5N4W.
